The flagellar filaments of gram-negative bacteria are composed of repeating subunits of a protein, flagellin. Salmonella typhimurium possesses two homologous flagellin genes, HI and H2, that map far apart from each other on the chromosome (15) . Only one of these genes is expressed at any time, and expression is determined by a site-specific recombination event which inverts a segment of DNA that lies adjacent to the H2 gene (28, 29) . This 995-base pair (bp) invertible region contains the promoter for the H2 gene (30) . In one orientation of the invertible segment, the promoter is coupled to the H2 operon and H2-type flagellin is made. In addition, the rhl gene adjacent to H2 is expressed and it encodes a repressor of HI gene transcription (7, 24) . When the invertible region is in the opposite orientation, the H2 and rhl genes are not transcribed and the HI gene is expressed. Recombination occurs within 14-bp inverted repeat nucleotide sequences that flank the region, and site-specific recombination requires the presence of an intact hin gene. This gene lies within the invertible region and encodes a 19,000-molecular-weight polypeptide (23, 24) .
The alternate expression of flagellin types has thus far been found only in Salmonella species. Escherichia coli possesses a single flagellin gene, hag, which maps at a site on the E. coli chromosome that corresponds to the site where HI maps on the Salmonella sp. chromosome (16) . Whereas hag, H2, and HI all encode antigenically distinct flagellin proteins, these flagellin genes have been shown to be homologous, both by genetic complementation (6, 8) and by DNA-DNA hybridization (26) . Partial homology between the hin gene and genes that are associated with certain transposable elements has been found. Bacteriophage Mu, for example, has a site-specific inversion system that regulates the expression of genes which encode host range determinants (27) . The inversion of a 3,000-bp DNA segment, called the G-loop, is mediated by the product of a Mu gene, gin, which maps directly outside of the G-loop (11) . Bacteriophage P1 also possesses an invertible DNA segment called the C-loop, which is homologous to the G-loop of Mu (4). In addition, P1 contains a gene, cin, which is required for inversion of this DNA segment (S. lida, J. Meyer, K. Kennedy, and W. Arber, Mol. Gen. Genet., in press). From genetic complementation experiments, it is clear that hin, gin, and cin all encode homologous inversion functions (14; D. Kanip and R. Kahmann, in press). M6reover, the DNA sequences at the sites required for Gloop inversion in Mu show a clear homologous relationship to the sequences required for sitespecific recombination in Salmonella sp. (R. Kahmann and D. Kamp, in press). Finally, the transposons Tn3 and gamma delta have been shown to encode a protein, TnpR, which is required for cointegrate resolution; it mediates site-specific deletion between directly repeated 19-bp sequences (1, 13, 19) . The amino acid sequence of this protein shows 36% identity with the amino acid sequence of the hin gene product (25) . Thus far, however, genetic experiments have failed to demonstrate complementation be-tween the TnpR and the Hin functions.
Taken together, these observations suggest that there exists a "family of genes" associated with transposable elements that function to mediate site-specific recombination. Flagellarphase variation could have evolved from the interaction of one of these genes on a mobile element and a resident flagellin gene. With the aim of tracing the antecedents of the phase variation system, we compared the DNA sequences found in the corresponding regions of the hag and HI genes. In addition, we mapped the region of homology between the DNA sequences corresponding to hin and sequences present in the invertible region of bacteriophage Mu. In this paper, we present these results and suggest a specific hypothesis to explain the evolution of flagellar-phase variation.
MATERIALS AND METHODS Enzymes and radioactive isotopes. All restriction endonuclease enzymes were obtained from New England Biolabs and Bethesda Research Laboratories. Enzymes used for radioactive labeling of the DNA probes in the hybridization experiments included DNA polymerase I (Boehringer Mannheim) and DNase I (Worthington Diagnostics). Enzymes used for labeling DNA fragments in nucleotide sequence determination included DNA polymerase large fragment (Boehringer Mannheim), bacterial alkaline phosphatase (Worthington), and T4 polynucleotide kinase (P-L Biochemicals). [-y-32P]ATP (>5,000 Ci/mmol) and y-32P-labeled deoxynucleotide triphosphates (300 Ci/ mmol) were obtained from Amersham Corp.
Plasmid purification and isolation of DNA fragments.
Plasmid DNAs were prepared by Sarkosyl lysis (2) . Slab gels containing 0.7 to 1% agarose (Seakem) or 9o acrylamide (BDH) were prepared in Tris-acetate buffer (40 mM Tris, pH 7.4, 20 mM NaAc). DNA fragments were isolated from 0.7% agarose gels by a modification of the freeze-squeeze method (28) or from acrylamide gels by the squash elution method as previously described (30) . DNA fragments in 1% agarose gels were denatured and transferred to BA85 nitrocellulose filters (Schleicher & Schuell). 32P-labeled DNA probes were prepared by nick translation (20) . The details of the procedure for DNA filter hybridization were previously described (20) . The normal hybridization conditions were at 65C in 0. 24 RESULTS Homology between flagellin gene regions. All three flagellin genes have been cloned onto plasmid vehicles: the HI gene on pJZ2 (29) , the hag gene on pLC24-16 (5), and the H2 gene on pJZ100 (30) . pJZllOf, a PstI restriction endonuclease fragment containing the invertible region and the beginning of the H2 gene ( Fig. 1 ), was obtained from pJZ100, and its DNA sequence was determined. We found that when pJZ2 and pLC24-16 were radioactively labeled and used as probes (26), they hybridized only to subfragments of pJZll0f that contained sequences corresponding to the N-terminal region of the H2 gene. By performing the reciprocal hybridization, we were able to localize the beginning of HI and hag on pJZ2 and pLC24-16, respectively. The pJZ110 insert fragment was radioactively labeled and hybridized to Southern blots containing pJZ2 and pLC24-16 DNA fragments. The results of this hybridization are shown in Fig. 1 . A 0.5-kilobase EcoRI-PstI fragment derived from pJZ2 and a 1.8-kilobase BamHI fragment derived from pLC24-16 are the only fragments which demonstrate strong homology with the probe. The 1.8-kilobase HamHI fragment was subsequently recloned onto the plasmid vector pMK2004 (10) and the recombinant plasmid was named pES30.
To further define the regions of homology among the flagellin gene sequences, hybridization experiments were done with PES30 and pJZ2. There is only one fragment in which each of these shows strong homology with the other DNA fragments (Fig. 2) . This is presumably the same sequence that hybridizes with the pJZ110 fragment and must therefore correspond to the proximal portion of the gene, i.e., the sequence that specifies the N-terminal region of the protein.
Comparison of DNA sequences. The fragments containing the 5' region of the hag and HI genes were isolated and mapped with respect to several other restriction endonuclease cleavage sites. Figure 3 shows this map and the strategy adopted to determine the DNA sequence in this region. The sequences corresponding to the beginning of the H2, HI, and hag genes are shown in Fig. 4 Seven "conserved regions," designated I through VII, are underlined. These regions were identified by the following criteria: (i) they contained at least 5 bp of continuous homology; (ii) they contained <20% overall sequence divergence; and (iii) they were present in the same relative locations upstream from the flagellin genes. The relative spacing of these sequences is shown in Fig. 5 (26) . The following experiment was performed to show that the homology detected previously reflected homology between hin and gin sequences exclusively. pGM1 (Fig. 6), a plasmid containing (9) that the homology is confined to one region and that this region is highly conserved. Our results (Fig. 2) show that approximately the N-terminal one-third of the hag and H2 genes show a great deal of homology and cross-hybridization. The middle and C-terminal regions of the gene did not show hybridization under stringent conditions.
The regulation of the rate of flagellin formation is complex. It involves the products of All of the data are consistent with the notion that the Salmonella sp. phase variation system evolved from the juxtaposition of a mobile element encoding a site-specific recombination function (Hin) and its recognition sequence (IRL) to a flagellin gene. The second site, IRR, could have subsequently evolved from a site present in the flagellin gene regulatory region (Fig. 7) . Specifically, we imagine (a mechanism which would include) at least three stages. 
